Purpose Ischemia-associated retinal degeneration is one of the leading causes of vision loss, and to date, there are no effective treatment options. We hypothesized that delayed injection of bone-marrow stem cells (BMSCs) 24 h after the onset of ischemia could effectively rescue ischemic retina from its consequences, including apoptosis, inflammation, and increased vascular permeability, thereby preventing retinal cell loss. Methods Retinal ischemia was induced in adult Wistar rats by increasing intraocular pressure (IOP) to 130-135 mmHg for 55 min. BMSCs harvested from rat femur were injected into the vitreous 24 h post-ischemia. Functional recovery was assessed 7 days later using electroretinography (ERG) measurements of the a-wave, b-wave, P2, scotopic threshold response (STR), and oscillatory potentials (OP). The retinal injury and anti-ischemic effects of BMSCs were quantitated by measuring apoptosis, autophagy, inflammatory markers, and retinal-blood barrier permeability. The distribution and fate of BMSC were qualitatively examined using real-time fundus imaging, and retinal flat mounts. Results Intravitreal delivery of BMSCs significantly improved recovery of the ERG a-and b-waves, OP, negative STR, and P2, and attenuated apoptosis as evidenced by decreased TUNEL and caspase-3 protein levels. BMSCs significantly increased autophagy, decreased inflammatory mediators (TNF-α, IL-1β, IL-6), and diminished retinal vascular permeability. BMSCs persisted in the vitreous and were also found within ischemic retina. Conclusions Taken together, our results indicate that intravitreal injection of BMSCs rescued the retina from ischemic damage in a rat model. The mechanisms include suppression of apoptosis, attenuation of inflammation and vascular permeability, and preservation of autophagy.
Introduction
Retinal ischemic injury from diseases such as diabetic retinopathy and retinal artery occlusion, with irreversible damage to retinal cells, is one of the major causes of vision loss. Ischemia is associated with generation of reactive oxygen species [1] , upregulation of inflammatory cytokines and chemokines [2] , and infiltration of inflammatory cells [3] , as well as retinal vascular leakage [4] . Few efficacious treatment modalities are available to reverse the damage or to prevent loss of retinal cells and improve function [5] . However, emerging studies focusing on adult stem-cell therapy, using harvested BMSCs, a heterogeneous stem-cell mixture, offer promising new directions to treat retinal damage [6] . Stem-cell therapy has been limited by cell survival, migration, and implantation into the retina, as well as limited understanding of their mechanisms of action. In addition to their capacity for self-renewal and differentiation into neuronal cells, transplanted BMSCs release paracrine factors for enhanced endogenous neuroprotection and neuro-repair, which may be the principal mechanisms of action [7] . Mesenchymal stem cells exhibit increased adherence to vascular endothelium in response to chemokines, adhesion molecules, and matrix metalloproteases, and home to injury sites, rendering them ideal for treatment of retinal ischemic disorders [8] .
Previously, we reported the protective effect of BMSC hypoxic conditioned medium in our rat model of retinal ischemic injury, and demonstrated the neuroprotective effect of media in augmenting retinal function and preventing retinal cell loss. Post-ischemic prosurvival signaling triggered by the media may play an important role in neuroprotection [9] . While BMSC media is promising, a limitation is that there is no accompanying source for ongoing release of the secretome (i.e., the cells). Therefore, injection of BMSCs, once optimal timing, safety, and mechanisms of action are determined, may be an alternate method for neuroprotection. Accordingly, Li et al. demonstrated improved histological recovery with mouse and rat bone-marrow stem cells injected shortly after the induction of ischemia [10] . However, delayed injection would be a more typical scenario in patients with acute retinal vascular occlusion, while stem-cell treatment for diabetic retinopathy (DR) would most likely have to be initiated before the onset of irreversible neuronal and vascular endothelial damage. Direct administration into vitreous remains the optimal delivery method because of the limited number of cells reaching the retina after intravenous injection as well as the risks of embolic phenomena.
Based on our recent work applying ischemic postconditioning or injection of BMSC conditioned media 24 h after ischemia, we hypothesized that delayed application of BMSCs, 24 h after ischemia, could significantly improve recovery outcomes [9] . Towards this aim, and using autologous BMSCs, we evaluated the underlying mechanisms responsible for the protective effects of BMSCs in retinal ischemia, in our previously characterized rat model. This ischemia model is directly relevant to acute retinal ischemia as from retinal vascular occlusion, but it also recapitulates many of the features of diabetic retinopathy [11] .
Methods Electroretinography
These and all other procedures conformed to the Association for Research in Vision and Ophthalmology Resolution on the Use of Animals in Research, and were approved by the Institutional Animal Care and Use Committees of the University of Chicago and the University of Illinois. Dark adaptation was achieved by placing rats in complete darkness for at least 2 h before electroretinogram (ERG) recording; previous work by others have shown it is adequate to dark adapt the retina [12] . For baseline and post-ischemic (i.e., after 7 days) follow-up ERG, rats were injected i.p. with ketamine (35 mg/kg), and xylazine (5 mg/kg) every 20 min. Corneal analgesia was with two drops of 0.5% proparacaine. Pupils were dilated with one drop of 0.5% tropicamide (Alcon, Fort Worth, TX, USA), and cyclomydril (cyclopentolate hydrochloride 0.2%, with phenylephrine hydrochloride 1%, Alcon). Further details on our methods have been reported previously [13] [14] [15] .
The ERG was recorded from both eyes of each animal at baseline (prior to the experiments) and at 7 days after ischemia. This timing was followed in order to be consistent with our previous studies where the post-ischemic follow up was at 7 days; we followed procedures that we previously described [9, 16] . Ag/AgCl electrodes were fashioned from 0.010″ Teflon-coated silver wire (Grass Technologies, West Warwick, RI, USA). Approximately 10 mm was exposed and fashioned into a small loop to form the corneal/positive electrodes, while ∼20 mm of wire was exposed to form a hairpin loop, the sclera/negative electrodes looped around the eye. Electrodes were first attached to a 9 V battery and placed in a 1 N HCl bath for 12 s until coated with AgCl. Electrodes were referenced to a 12 mm × 30 gauge stainless steel, needle electrode (Grass) inserted 2/3 down the length of the rat tail [17] . Electrode impedance was unchanged during recordings. Stimulus-intensity ERG recordings were obtained using a UTAS-E 4000 ERG system and a Ganzfeld (LKC Technologies, Gaithersburg, MD) [16] .
The low pass filter was 0.05 Hz and high 500 Hz. For the scotopic threshold response (STR), which was performed first, flash series intensities varied electronically, and using neutral density filters secured into frames with edges sealed with black tape to prevent light leakage and signal contamination, from −6. . We averaged 3-10 flashes delivered 4-27 s apart. The number of flashes decreased and time between them increased with intensity as we have previously reported [16] . Light intensity settings were confirmed by photometry (EG & G Model 550 photometer, ElectroOptics, Boulder, CO, USA).
Retinal ischemia
Male Wistar rats (200-250 g, Harlan, Indianapolis, IN, USA) were maintained on a 12 h on/12 h off light cycle. The eyes were treated with one drop each of topical Vigamox (0.5%) and cyclomydril (see above), and for local anesthesia for needle placement, two drops of 0.5% proparacaine. For retinal ischemia, rats were anesthetized with chloral hydrate, 275 mg/kg i.p. After sterile preparation, and working under an operating microscope, a 30-gauge, 5/8-in. metal needle (BD Precision Glide; Becton Dickinson, Franklin Lakes, NJ, USA) was placed with its tip directed away from the lens, just inside the anterior chamber of the right eye, which served as the experimental eye, while the left eye of the same rat was the control eye. To enable simultaneous pressurization for increasing intraocular pressure (IOP), and measurement of IOP, the needle was connected by a length of plastic tubing via a threeway stopcock to an electronic pressure transducer (Transpac 42,661-04-27; Abbott, North Chicago, IL, USA) and to an elevated bag of balanced salt solution (BSS; by sterile technique, BSS was transferred from its bottle (Alcon) to an empty 1,000-ml 0.9% saline plastic bag (Baxter, Deerfield, IL, USA). IOP, continually displayed on a monitor (HewlettPackard HP78534C; Palo Alto, CA, USA), was increased to 130-135 mmHg and maintained constantly for 55 min by pressurizing the bag (Smiths Medical Clear-Cuff, Dublin, OH, USA) [9] . The temperature was maintained at 36-37°C using a servo-controlled heating blanket (Harvard Apparatus, Natick, MA, USA). Oxygen saturation was measured by pulse oximetry (Ohmeda; Louisville, CO, USA) with a Band-Aid type probe on the tail. Supplemental oxygen, when necessary to maintain O 2 saturation > 93%, was administered using a cannula in front of the nares and mouth.
In-vivo administration of BMSCs
Isolation, propagation, and characterization of BMSCs have been described previously [16] . Briefly, BMSCs in early passages were cultured in complete medium (MEM-alpha and HAMs-F12 (1:1), with 10% fetal bovine serum) to 60-70% confluency, then cells collected, washed with phosphatebuffered saline (PBS), and re-suspended in PBS just before the vitreal injection. With cells suspended in PBS, it was appropriate to use PBS for vehicle (control) experiments. Cells were counted and checked for viability using Trypan Blue. To minimize variability, the cells were derived from a single donor rat. The whole process of collecting the cells after culture, and injecting them to the vitreous was completed in 45 min.
For the injections, rats were anesthetized with i.p. ketamine (35 mg/kg) and xylazine (5 mg/kg). BMSCs were injected into the mid-vitreous under microscopic guidance over 1 min with a Hamilton syringe (Reno, NV, USA) and a 3/8″ 32-gauge (Becton Dickinson) needle (4 μl cell suspensions in PBS, with ∼50,000 cells/4 μl) into both ischemic (right eye) and control (left eye) eyes 24 h post-ischemia. Sham control rats were administered PBS in both ischemic and non-ischemic eyes. Previous studies indicated no adverse effects, e.g., increased IOP or retinal detachment, from injections [9, 16] .
The experimental protocol consisted of ERG baseline recordings; then, one eye was subjected to retinal ischemia. At 24 h after ischemia ended, both eyes (the ischemic eye and the non-ischemic paired control eye) were injected either with BMSCs (experimental group), while in the control group, the vehicle (PBS) was injected. The ERG recordings were repeated 7 days after ischemia.
In-vivo imaging of GFP-BMSCs
Migration from the vitreous and implantation in the retina are challenges in stem-cell therapy in the eye. To track the fate of BMSCs, we used rat green fluorescent-labeled BMSCs (GFPBMSCs, Cyagen, Santa Clara, CA, USA). The cells were cultured in complete medium (MEM-alpha and HAMs-F12 (1:1), with 10% fetal bovine serum) to reach 60-70% confluency. GFP-BMSCs were collected and re-suspended in PBS, and injected into the vitreous in 4 μl PBS (with ∼50,000 cells/4 μl). For in-vivo real-time imaging, rats were injected i.p. with ketamine (35 mg/kg), and xylazine (5 mg/kg). Pupils were dilated as described in previous sections, above. Fluorescent fundus images were obtained with a Micron IV Retinal Imaging Microscope (Phoenix Research Labs, Pleasanton, CA, USA), 1, 7, and 21 days' post injection of GFP-BMSCs.
Fluorescent imaging and localization of GFP-labeled BMSCs in retinal flat mounts
GFP-BMSC injected ischemic and normal eyes were enucleated, the retina was separated from the eyecup and flatmounted on a gelatin-coated slide. Retinal flat-mounts were washed several times in PBS, DAPI was applied to the surface for 5 min, and then the slides were washed with PBS three times. Images were recorded with a confocal laser scanning microscope (LSM 710 Zeiss, Germany).
Fluorescent TUNEL
Fluorescent TUNEL (terminal deoxynucleotidyl transferasemediated dUTP nick end labeling assay) was performed with a Fluorescein FragEL DNA Fragmentation Detection Kit (Calbiochem, La Jolla, CA, USA) on frozen retinal sections at 24 h post-BMSC injection (48 h after ischemia) as we described previously [9] , and consistent with the time course of apoptosis after ischemia [19, 20] . Briefly, frozen retinal tissue was fixed and hydrated in 4% formaldehyde followed by TBS immersion. After permeabilization with proteinase K (Sigma, St Louis, MO, USA) in 10 mM Tris (pH = 8; 1:100), tissue was labeled using a TdT enzymatic reaction.
Immunohistochemistry
Enucleated eyes were fixed in 4% paraformaldehyde at room temperature for 3 h, the anterior segment, and the posterior portion of the eye post-fixed in the same fixative overnight at 4°C before being placed in 25% sucrose for a second overnight period at 4°C for cryoprotection. Eyecups were embedded in OCT compound (Sakura Finetec, Torrance, CA, USA) and cut into 10-μm-thick sections. Primary antibodies (1:50) were: anti-LC3-II (MBL International, Japan), anti-LAMP (Abcam, Cambridge, MA, USA), and biotinconjugated mouse monoclonal anti-Thy-1 (BD-Pharmingen, San Jose, CA, USA). Sections were exposed to the appropriate secondary antibodies: goat anti-mouse IgG FITCconjugate (1:500; Southern Biotechnology, Birmingham, AL, USA), or goat anti-rabbit IgG fluorescein-conjugate (1:500; Invitrogen, Carlsbad, CA, USA). Anti-fade mounting media containing DAPI (EMC Biosciences, La Jolla, CA, USA) was applied and sections cover-slipped.
Western blotting for autophagy and inflammatory markers in retina
Retinal tissue was homogenized using a tissue homogenizer (Beadbug, Benchmark, Edison, NJ, USA) with RIPA buffer (Cell Signaling Technology, Danvers, MA, USA) containing protease and phosphatase inhibitors. Lysates were centrifuged at 4°C and protein concentrations measured using a BCA protein assay kit (Pierce, Rockford, IL, USA) Equal amounts of protein (40 μg) were loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, and Western blotting was performed as we previously reported [16] . The band densities were determined by densitometry with ImageJ (https://imagej. nih.gov/ij/). Antibodies were anti-LC3 (to detect LC3-I and LC3-II, MBL International) and p62 (Sigma, St. Louis, MO, USA) for autophagy [21, 22] , and anti-TNFα, IL-1β, IL-6, and VEGF (Cell Signaling) for inflammatory markers [23] . Band density was normalized to β-arrestin (Pierce).
Blood-retinal barrier permeability
To evaluate the effect of BMSCs on retinal vascular permeability, we performed an Evans blue dye (EBD) extravasation assay [24] . Seven days post-ischemia and injection of BMSCs, rats were injected with EBD (Sigma-Aldrich, 45 mg/kg) via the tail vein, 90 min before euthanasia and retina harvesting. The pulmonary circulation was flushed and retinas were harvested. Retinal tissue was dried using a vacuum drier and then weighed. Formamide extracts were prepared by centrifuging homogenates at 12,000×g. Fluorescence in supernatants was measured at 620 and 740 nm. EBD concentration is expressed as μg/g dry weight of retinal tissue.
Imaging and image analysis
For TUNEL and immunostaining, images were captured with a 40× oil-immersion lens using an Olympus DSU spinning disk confocal microscope (Olympus, Center Valley, PA, USA), and photographed with an Evolve EM-CCD camera (Photometrics, Tucson, AZ, USA) controlled by SlideBook v5.0 (Intelligent Imaging Innovations, Denver, CO, USA). Excitation/dichroic/emission settings were 405 nm for DAPI (blue), 488 nm for FITC (fluorescein/greens), and 640 nm for rhodamine (red).
Data handling
The ERG a-, b-, OP-, and P2-waves from ischemic eyes 7 days after ischemia in the groups for comparison were expressed as normalized intensity-response plots with stimulus intensity (log cd•s•m −2 ) on the x-axis, and corresponding percent recovery of the baseline on the y-axis, as we previously reported in multiple publications (for example and details, see [25] ). Specifically, to account for variation in the electroretinogram amplitudes (that is, including the known day-to-day variation within animals), values obtained for follow-up examinations after ischemia ended were corrected by dividing the normalized ischemic value by the normalized control value (control electroretinogram amplitude at a given time point divided by the baseline control), as we have earlier reported. This analysis corrects for day-to-day expected variation in amplitudes of the ERG waveforms, and for any effects of injection into the control eye [25] . To minimize variability, recordings were made in animals at approximately the same time of day. Recorded amplitude, time course, and intensity were exported and analyzed in Matlab 2011a (The MathWorks, Natick, MA, USA) as previously described [16] . As expected, amplitudes of the nSTR and pSTR were low, and were therefore only compared as absolute values.
For stimulus-intensity response ERGs, the a-wave was calculated as the absolute value of the minimum amplitude following the flash stimulus, while the b-wave was calculated as the difference between the negative a-wave value and the maximum amplitude recorded thereafter [16] . The OP-and P2-waves were derived as we previously reported [16] . OP-values were calculated as sum of the root mean squares (Sum RMS) of the amplitudes [16] . For STR [26] , there is no conventional stimulus-intensity procedure as for the ERG; thus, responses to six flash intensities were evaluated. The lower intensity waveforms were baseline-corrected to remove positive or negative drift artifact. The process was to subtract the linear approximation of the original waveform from itself, thereby removing the upward or downward inflection and returning the waveform to the correct baseline level. The comparatively small amplitudes allowed for the linear approximation to be used as a baseline transform. The linear baseline correction generated a more absolute measurement of the positive and negative STR, since the maximum measurements are made from a zero 'baseline' rather than from a non-zero 'tilted baseline.' Positive STR (pSTR) was calculated as maximum positive amplitude, while negative STR (nSTR) was calculated as maximum negative amplitude.
Statistics
Data were compared by t-testing (Stata, College Station, TX). Between groups, we used an unpaired t-test and within groups (e.g., normal vs ischemic retina), a paired t-test was used.
Results

Functional neuroprotection by BMSCs
BMSCs injected 24 h after ischemia significantly improved the a-wave, b-wave, OP-, and P2-wave recovery (n = 8-9, p < 0.05) at 7 days after the injection, when compared to the PBS control group at flash intensities from −3.39 to 1.4 log cd•s•m −2 ( Fig. 1a-d For amplitudes of the nSTR and pSTR, there were no significant differences in the control non-ischemic eyes (Fig. 2a,  c ) . The nSTR was better preserved after ischemia with BMSC injection vs vehicle, but pSTR was significantly decreased after ischemia and no different for BMSC vs vehicle (Fig. 2b, d) . Fig 3 shows effects of injections upon the non-ischemic eye, as well as the amplitudes of the ERG waveforms at each intensity for the non-ischemic and the ischemic eyes. There were no differences between non-ischemic values for the OPRMS (Fig. 3e) , and few for the a-wave (Fig. 3a) . For the b-wave (Fig. 3c) and P2 (Fig. 3d) , both injection of BMSCs and PBS vehicle decreased amplitudes of the waveforms, and the vehicle-injected eyes had generally higher baseline amplitudes compared to the BMSC-injected. There was a greater decrease in amplitudes of the waveforms from baseline to day 7 in ischemic eyes for all waveforms for the vehicle compared to the BMSC-injected eyes (Fig. 3e-h ), which can be seen more clearly in Fig. 1 , where effects of injections and measurement time are accounted for simultaneously. (c), sum of the root mean squared OP waves (OPRMS) (d) from electroretinograms in rats subjected to retinal ischemia for 55 min and the eyes injected 24 h later with BMSCs or control (PBS). The recovery was measured 7 days later; N = 8-9. Normalized ERG recovery data (yaxis, see Methods) for the waves over a range of up to ten flash intensities (x-axis) are shown. For the a-wave, data collection began at a higher initial flash intensity due to artifact and low amplitude at the two lower intensities. There was significant improvement with injection of BMSCs 24 h after ischemia on all of the ERG waves, although results were not statistically significant at all intensity levels. Data are shown as mean ± SEM. * P < 0.05 vs PBS vehicle control. Representative ERG traces for a-and b-waves, OP, and P2 from our lab are available in previous publications [16] 
Fig. 2 a, c Stimulus-intensity responses for the STR (scotopic threshold response), for the positive STR (pSTR) and negative STR (nSTR) in nonischemic eyes of rats subjected to retinal ischemia for 55 min and the eyes injected 24 h later with BMSCs or control (PBS). b, d
STRs recorded from the ischemic eyes at baseline and after ischemia. The recovery was measured 7 days later. Absolute amplitude appears on the y-axis (see Methods) and the six flash intensities are on the x-axis. There was significant improvement in the nSTR, but not the pSTR with injection of BMSCs 24 h after ischemia. Data are shown as mean + SEM. * P < 0.05 vehicle day 7 vs baseline; # = P < 0.05 BMSC day 7 vs baseline; x = P < 0.05 vehicle baseline vs BMSC baseline; • = P < 0.05 vehicle day 7 vs BMSC day 7. N = 6. e Representative STR traces at the highest flash intensity, with BMSC-ischemic eye on top, and PBS-ischemic eye below Fig. 3 a, c , e, g Stimulus-intensity responses for the a wave, b-wave, P2, and OPRMS in non-ischemic eyes of rats subjected to retinal ischemia for 55 min and the eyes injected 24 h later with BMSCs or control (PBS). b, d, f, h Stimulus-intensity responses for a, b, P2, and OPRMS waves recorded from the ischemic eyes at baseline and after ischemia. The recovery was measured 7 days later. Absolute amplitude appears on the y-axis (see Methods) and the flash intensities are on the x-axis. Data are shown as mean + SEM. There were no differences between non-ischemic values for the OPRMS (e), and few for the a-wave. For the b-wave and P2, both injection of BMSCs and PBS vehicle decreased amplitudes of the waveforms, and the vehicle-injected eyes had generally higher baseline amplitudes compared to the BMSC-injected. There was a greater decrease in amplitudes of the waveforms from baseline to day 7 in ischemic eyes for all waveforms for the vehicle compared to the BMSC injected eyes. * P < 0.05 vehicle day 7 vs baseline; # = P < 0.05 BMSC day 7 vs baseline; x = P < 0.05 vehicle baseline vs BMSC baseline; • = P < 0.05 vehicle day 7 vs BMSC day 7. N = 8-9
BMSCs incorporate into ischemic retina
To track BMSCs in the retina, we used in-vivo imaging of rat eyes at 1, 7, and 21 days post injection, and examined flat-mounts of retina injected with GFP-labeled BMSCs at 7 days after injection. Fig 4a displays the fate of GFP-labeled BMSCs injected into the vitreous and their survival in the eye. To examine incorporation of cells into the retinal tissue, flat-mounts were prepared and imaged using confocal microscopy. Representative retinal flat-mounts from PBS-and BMSC-injected eyes (Fig. 4b) demonstrate qualitatively large numbers of labeled stem cells retained in the retina at 7 days post injection of BMSCs.
BMSCs attenuate apoptosis in retinal ischemia
To test the pro-survival effect of BMSCs in ischemia, we performed fluorescent TUNEL on retinal cryosections (Fig. 5a, b) 24 h post ischemia, a time point consistent with peak apoptosis in our and others' published studies [19, 20] . BMSC-injection 24 h after ischemia significantly reduced % TUNEL in the RGC layer (PBS-injected, 30.3 ± 6.7% vs BMSCs-treated ischemic retinae, 12.0 ± 3.5%, n = 7; p < 0.05). Double labeling with anti-thy 1 for RGCs [27] confirmed TUNEL was in the RGCs of the ischemic retina (Fig. 5c ). Additionally, a significant reduction in cleaved caspase-3 level in BMSC-injected ischemic retinal lysates vs PBS ischemic-injected (n = 5, Fig. 5d ) further supports the presence of apoptotic cell death and its attenuation by BMSCs in ischemic retinae.
BMSC transplantation reduced neuro-inflammation and vascular permeability
Western blot analysis exhibited the anti-inflammatory effect of BMSCs as demonstrated by attenuated levels of inflammatory markers in the ischemic retina treated with BMSCs. Consistent with previous studies, levels of pro-inflammatory markers TNF-α, IL-1 α, and Il-6 were elevated in retina subjected to ischemia (n = 3-4) [23] . BMSCs attenuated these increases in inflammatory mediators (Fig. 6a-c) . However, there was an increase in VEGF in the BMSC group vs PBS control (Fig. 6d) .
Quantitation of extravasated Evans Blue (EB) in the formamide extracts from PBS-and BMSC-injected ischemic retina illustrated remarkable vascular barrier protection in BMSCtreated ischemic retina, as evidenced by significantly decreased EB in BMSC-injected eyes compared to PBS control group (n = 7, Fig. 6e ).
Autophagy is involved in BMSC-induced protection from retinal ischemic injury
Levels of autophagy-related proteins LC3 and p62, were investigated. Relative to the normal non-ischemic eye, LC3-I decreased, and LC3-II was significantly increased, in BMSC-injected ischemic retina vs PBS (Fig. 7a) , while p62 decreased (n = 5). Increased LC3-II with decreased P62 suggests enhanced autophagic flux [28] . To confirm LC3-II labeling of autophagosomes, a hallmark of autophagy [29] , we immunostained for LC3-II and LAMP; the latter is found in autophagosomes [30] . LC3-II and LAMP co-localized in the inner nuclear and retinal ganglion cell layer; double-labeled LC3-II and LAMP was present in the cytoplasm of cells in the Brackets denote the retinal ganglion cell layer. Magnification = 40×. Scale bar = 15 μm. c Retinal ganglion cells undergoing apoptosis in PBS injected control ischemic retina identified by co-localization of T U N E L a n d T h y 1 ( r e t i n a l g a n g l i o n c e l l m a r k e r, re d ) . Magnification = 40×. Scale bars = 20 μm. d Representative Western blot images for cleaved caspase-3 in retinal lysates obtained from PBS or BMSC ischemic injected eyes and paired normal eyes, at 24 h after injection of PBS or BMSCs. Levels of cleaved caspase-3 were normalized to β-arrestin. Data are shown as mean ± SEM. * indicates P < 0.05 for ischemic compared to the paired normal retina within a group (PBS or BMSC); # indicates P < 0.05 between the ischemic retinae of PBS and BMSC. N = normal, non-ischemic retinae, and I = ischemic retinae. N = 5 per group Fig. 6 Evaluation of inflammatory and vascular permeability markers. Representative Western blot illustrating TNFα (a), IL6 (b), IL1β (c), and VEGF (d). BMSC treatment significantly reduced levels of TNFα, IL1β, and IL6, and increased VEGF compared to PBS-injected ischemic eyes. The bar graphs demonstrate the levels of all four proteins normalized to β-arrestin. e Bar graph exhibiting Evans Blue dye extravasation, marker of vascular permeability, in ischemic PBS and BMSC injected retina. Data are shown as mean ± SEM. * indicates P < 0.05 compared to the paired normal retina within a group (PBS or BMSC); # indicates P < 0.05 between the ischemic retinae of PBS and BMSC. N = 3-4 per group for Western blotting, and 7 for Evans Blue. See Fig. 4 legend for abbreviations retina, in particular in the RGC layer, confirming the presence of autophagosomes (Fig. 7b) .
Discussion
We examined the effect of delayed administration of autologous bone-marrow-derived mesenchymal stem-cell transplantation in our rat model of retinal ischemia. Our results demonstrate that injection of BMSCs 24 h post-ischemia significantly protected the retina from damage as illustrated by improved function, decreased retinal inflammation and vascular permeability, and enhanced autophagy.
Stem-cell therapy faces challenges of cell survival and differentiation, but conversely, excessive proliferation and aberrant differentiation. Although some studies reported incorporation of BMSCs and differentiation into neuronal cells [10] , the majority of the cells remained in the vitreous after intravitreal injection, posing a limiting factor in retinal stem-cell therapy. In a retinal explant model, Johnson et al. demonstrated that glial reactivity constituted the major barrier to migration of BMSCs into the retina [31] . Similarly, in a mouse model of diabetes, intra-vitreally injected MSCs remained in the vitreous, but they increased the levels of neurotrophic factors and reduced oxidative damage. [12] It is therefore interesting that in our study, GFP-tagged BMSCs entered ischemic retina. The migration of BMSCs into the post-ischemic retina may be possible due to the delayed time course of gliosis following retinal ischemia, because in our study, BMSCs were injected prior to the influence of enhanced glial reactivity. Muller cells in retinal slices taken 3 days after ischemia from porcine eyes had significant swelling of the somata when subjected to osmotic stress from hypotonic extracellular solution [32] . In ischemic rabbit eyes, ischemia caused exudative detachment of the central retina with disruption of the pigment epithelial monolayer, scattered pigment epithelial and immune cells in the sub-retinal space, and retinal folds. Muller cell gliosis was not apparent until 3-8 days later. [33] .
Our previous studies on ischemic preconditioning [13, 15, 34, 35] , post-ischemic conditioning [36] , injection of BMSC conditioned media [16] , or hypoxic preconditioned media [9] reported attenuation of apoptosis as a mechanism of protection from retinal ischemia. Here, we demonstrate that BMSC-induced protective effects are also in part due to reduced inner retinal cell apoptotic death. The most profound functional effects in this study were found in the b wave, P2, and the STR. These parameters reflect activity of cells in the inner retina, the rod bipolar cells, and the retinal ganglion and amacrine cells, and are consistent with the TUNEL findings, in this study as in others, that the inner retina is relatively preserved after ischemia by BMSC injection.
In our previous studies, normoxic and hypoxicpreconditioned BMSC media produced 4-fold improvement in recovery of the b-wave and P2 after ischemia vs approximately 2-fold in the present study; the recovery after hypoxicpreconditioned BMSC media was about 80-90% of baseline, thus, nearly complete. Using both modalities, BMSCs or media, post-ischemic apoptotic cell death was attenuated. It is possible that the more effective recovery with media was Fig. 7 a Western blotting for LC3-I, LC3-II, and p62 as markers of autophagy. The results are expressed as fold change from normal to ischemic within each group, with protein levels normalized to β-arrestin. N = 5 per group. Data are shown as mean ± SEM. There were significant decreases in LC3-I and in p62, and significant increases in LC3-II in the BMSC group. * indicates P < 0.05 compared to the paired normal retina within a group (PBS or BMSC); # indicates P < 0.05 between the ischemic retinae of PBS and BMSC. b Retinal cryosections stained for DAPI (blue), LAMP (red), and antibodyspecific for LC3-II (green), in PBS-injected (top), and BMSC-injected (bottom) ischemic retinae. The images demonstrate that LC3-II and LAMP co-localize in cytoplasm, indicating their localization into autophagosomes, confirming the presence of autophagy. See Methods for more details due to more effective delivery (less dilution) of the BMSC secretome compared to injecting BMSCs. Another possible explanation is death of the BMSCs over time after injection, and thus less delivery of secretome. Comparing BMSC media to BMSCs themselves, there are pros and cons of each approach. Cells, provided they survive, could potentially release neuroprotective factors for more extended periods of time vs media. However, media probably results in higher levels of secretome and better penetration into retina, but, without encapsulation, release of neuroprotective factors is time-limited. There are also potential complications of BMSC injection (see end of Discussion for details).
We showed in this study other ameliorative mechanisms of BMSCs. Inflammation is a consistent feature of ischemia, with augmented cytokines and chemokines in the retina [37] , significantly attenuated in BMSC-injected ischemic retinae. Anti-inflammatory benefits of BMSCs were reported via direct interaction with endogenous cells or release of paracrine factors [38] . Retina responds to ischemia-induced oxidative stress with increased inflammation and vascular permeability [4, 39] . Studies on rats subjected to ischemia-reperfusion reported vascular leakage with EBD dye extravasation from the retinal vasculature [4] . The mechanisms of attenuation of the blood-retinal barrier by BMSCs were not determined in the present study. However, some stem cells have been found to produce genes mediating barrier properties [40] , and adiposederived stem cells prevented blood-retinal barrier leakage in diabetic rats, possibly via differentiation into glial cells [41] .
We found that VEGF levels were increased about 3-fold in BMSC-transplanted retina. Because the levels were measured as relative changes by Western blotting, and not absolutely, we cannot state what the concentration of VEGF was in the retina, and how it compares to physiological levels. In retinal ischemia, VEGF decreases in a gradient from the RGC to the outer plexiform layer. With rapid damage to the RGCs, neuronal cell damage precedes capillary degeneration; endothelial cell survival factors, including VEGF, are released by retinal neuronal cells, including RGCs [42, 43] . Thus, another potential mechanism for enhanced survival of the retina in our study is the stimulation of VEGF production by retinal neurons.
Increased LC-3II, decreased P62, and co-labeling of LAMP and LC3-II in retinal cells, the latter proving the presence of autophagosomes, suggest that BMSCs increased autophagic flux in ischemic retinae [28] . The relationship of autophagy to retinal survival after ischemia remains controversial, with some groups demonstrating that increased autophagy enhances, and others showing it decreases survival [44, 45] . Complicating the effects, autophagy can be induced in BMSCs to either improve or decrease resistance to hypoxia [46] . Thus, it remains suggestive but not proven, that autophagy was protective against ischemic damage in the present study.
Retinal cross-talk has been recently reported. In Brown Norway rats, monocular light flashes produced a signal in the non-light flashed eye, the Bcrossed ERG^(xERG). Intraocular pressure elevation of the flashed eye eliminated the xERG. Due to its attenuation by elevated IOP and very small magnitude (10-15 μv), it is improbable that the xERG, or by inference, an effect of injecting the non-ischemic eye, played any role our results with respect to the a, b, OP waves or the P2, or the STR, all of which were recorded under entirely different conditions in our study [47] .
Our current results highlight a potent and clinically important procedure by which to prevent ischemic retinal damage. Transplantation of the BMSCs may be a longer-lasting solution vs administration of media, because of persistence of the cells in the vitreous. However, there are limitations of this approach. The persistence of cells in the vitreous may diminish visual acuity. Immune reactions, retinal detachment, and tumor transformation are also potential complications [7] . Limitations of the study, overall, are that the rodent retina lacks a macula, IOP elevation may not resemble central retinal artery occlusion, and the outcomes were studied only out to 7 days after ischemia. BMSCs are readily obtained, and we demonstrated several mechanisms whereby the stem cells decrease ischemic injury, providing support for human trials of BMSC treatment in ischemic retina.
BMSC, bone marrow mesenchymal stem cells; ERG, electroretinogram; EBD, Evans blue dye extravasation; GFPBMSCs, green fluorescent-labeled BMSCs; IR, ischemiareperfusion; RGCs, retinal ganglion cells; STR, scotopic threshold response. There was no involvement of the funding bodies in the design of the study or in collection, analysis, and interpretation of the data or the writing of the manuscript.
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